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Abstract 
Tellurium (Te) films with monolayer and few-layer thickness are obtained by 
molecular beam epitaxy on a graphene/6H-SiC(0001) substrate and investigated by in 
situ scanning tunneling microscopy and spectroscopy (STM/STS). We reveal that the 
Te films are composed of parallel-arranged helical Te chains flat-lying on the 
graphene surface, exposing the (11) facet of ሺ101ത0ሻ of the bulk crystal. The band 
gap of Te films increases monotonically with decreasing thickness, reaching ~0.92 eV 
for the monolayer Te. An explicit band bending at the edge between the monolayer Te 
and graphene substrate is visualized. With the thickness controlled in atomic scale, Te 
films show potential applications of in electronics and optoelectronics. 
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The discovery of graphene has stimulated tremendous interests in the 
investigation of elementary two-dimensional (2D) materials, which usually have 
exotic physical and chemical properties distinct from their bulk counterparts.1-3 Using 
molecular beam epitaxy (MBE), a host of elementary 2D materials, such as silicene,4-7 
germanene,8-10 stanene,11 borophene,12,13 antimonene14 and blue phosphorus,15 are 
successfully fabricated. The observed extraordinary electronic structures 
demonstrated their promise in the applications of future nano- and opto-electronic 
devices. 
The bulk single crystalline Te is a narrow band gap semiconductor (0.33 eV).16 A 
recent theoretical work proposed three types of structure for monolayer Te, -Te, -Te 
and -Te, among which -Te and -Te are semiconducting with the band gap of 0.75 
and 1.47 eV, respectively.17 Therefore an important spectral range from mid-infrared 
(0.3 eV) to near-infrared (1.5 eV) can be achieved by controlling the thickness of Te 
films down to a single atomic layer.18,19 On the other hand, Te atoms exhibit strong 
spin-orbit coupling due to their relatively high atomic number. Under external strains, 
topological phase transitions of Te single crystal have been predicted by theoretical 
studies.20,21 Additionally, a plenty of novel quantum materials, e.g., topological 
insulators Bi/Sb2Te3 and ZrTe5, as identified by photoemission spectroscopy,22-26 and 
topological semimetals W/MoTe2,27-30 all have Te atomic layer as the building block, 
implying the exotic properties of the monolayer Te. However, besides different types 
of Te nanoarchitectures achieved by various methods,31-38 reports on epitaxial growth 
of Te films and characterizations at the atomic scale remain absent. 
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Here we report the van der Waals (vdW) epitaxy of Te films on the surface of 
graphene on 6H-SiC(0001) substrate by MBE. Monolayer and few-layer Te films are 
obtained. By the scanning tunneling microscopy (STM) investigations, we reveal that 
the Te films are composed of parallel-arranged helical Te chains flat-lying on the 
graphene surface, exposing the (11) facet of ሺ101ത0ሻ of the bulk crystal. The band 
gap of Te films increases monotonically with decreasing thickness from 0.33 (bulk) to 
0.92 eV (monolayer) as measured by scanning tunneling microscopy (STS), covering 
the spectral range from mid-infrared to near-infrared. Moreover, the spatially resolved 
STS spectra reveal the upward band bending corresponding to hole accumulation at 
the boundary of monolayer Te and graphene. 
Experiments were performed in an ultrahigh-vacuum (base pressure ൏ 1.0 ൈ
10ିଵ଴Torr) MBE-STM combined system (Unisoku). Graphene was prepared on 
nitrogen-doped 6H-SiC(0001) substrate by thermal treatment at 1400 K to achieve the 
ሺ6√3 ൈ 6√3ሻ reconstruction.39,40 High-purity Te (99.999%) was evaporated from a 
standard Knudsen cell at 500 K. During the deposition, substrate temperature was 
kept at 300 K. After growth, the sample was transferred to the STM cryostat at 5 K, 
and a Pt-Ir tip was used for the STM/STS measurements. 
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Figure 1. Topographic images of Te films on graphene. (a) Large area STM image (3.125 V / 
50 pA) of the as-grown Te films spread across the substrate (SiC) step (indicated by blue 
arrow). The inset shows the line profile along the dark green line. (b) High-resolution STM 
image (1.5 V / 30 pA) of single-layer Te film. The rectangular lattice is labeled by the arrows 
b & c in the inset. (c) STM image (2.0 V / 30 pA) of the step between ሺ6√3 ൈ
6√3ሻ-reconstructed graphene (upper part of the image) and the monolayer Te film (lower part 
of the image) with rectangular lattice. The inset shows the atomic-resolved STM image of 
graphene on SiC (-0.6 V / 50 pA) with the typical bright protrusions marked by green dashed 
circles. (d) and (e) Fast Fourier transform patterns of graphene and monolayer Te shown in (c), 
respectively. 
 
Figure 1 shows the topography of Te films with different thickness on the 
graphene/SiC substrate after 10-minute deposition. Large-scale, atomically flat Te 
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films are obtained, which can cover two adjacent terraces of the substrate 
continuously across the step (indicated by the arrow in Fig. 1a and b). By increasing 
deposition time, the films tend to expose enlarged terraces with increased thickness. 
The interspacing of Te layers (d) is measured at the step between adjacent Te terraces, 
and the profile along the dark green line gives d = 3.9 ± 0.1 Å (inset in Figure 1a). 
Due to the different density of states, the measured step height between Te and 
graphene varies in the range of ~0.3 Å according to different tunneling parameters. 
The lowest step height between is measured as ~1.5 Å (Fig. 1b and c), indicating that 
monolayer Te films are obtained. In contrast to the hexagonal symmetry of ሺ6√3 ൈ
6√3ሻ-reconstructed graphene substrate, rectangular lattice is exhibited on Te terraces, 
with in-plane lattice constants of b = 4.42 ± 0.05 Å and c = 5.93 ± 0.05 Å. It is also 
visualized by the Fast Fourier transform (Figure 1d and e) of the STM image, 
signaling the vdW epitaxy of Te film on graphene. This is also evidenced by the 
arbitrary crystallographic orientations of Te films on the substrate. 
 
 
Figure 2. Lattice structure of Te single crystal with trigonal space group of Dଷସ (152#). (a) 
Schematic drawing of the 3D structure. The helical Te chain along c0 axis is marked by the 
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green dashed line. The blue hexagons indicate the centered hexagonal arrangement of Te 
chains. (b) and (c) The a0-b0 and b0-c0 planes, respectively. (d) 3D illustration of infinite 
bilayer Te films on graphene/SiC(0001), in which the dark red arrow indicated the SiC[0001] 
crystallographic orientation. The topmost Te atoms on each terrace are highlighted in (b), (c) 
and (d), and a rectangular primitive cell is marked by a blue rectangle. 
 
To further elucidate the epitaxial relationship between Te films and graphene 
substrate, the structure of Te bulk crystal is analyzed in detail. Figure 2a presents the 
schematic of three-dimensional (3D) structure of Te crystal with trigonal space group 
of ܦଷସ.21 The lattice constants are a0 = 4.45 Å, b0 = 4.45 Å and c0 = 5.93 Å, 
respectively.20 The Te crystal can be viewed as helical chains, in which Te atoms are 
covalently bonded with each other, arranged in an array of centered hexagons by 
weak vdW inter-chain interaction. On graphene with the in-plane lattice constant of 
2.46 Å, the perpendicular crystallization of the helical chains is unfavorable due to the 
large lattice mismatch. Instead, the vdW epitaxial relationship leads the Te chains 
flat-lying on the substrate with the Te-Te covalent bonds saturated at the interface 
with the chemically inert graphene. As the consequence, the Te film composing of the 
helical chains arranged in parallel exposes the bulk b0-c0 (or a0-c0 that is equivalent) 
facet. Considering that one Te atom in every three along the helical chain sticks out to 
the topmost surface (highlighted in Fig. 2b and c), the rectangular lattice of Te films 
(b = 4.42 Å and c = 5.93 Å) observed by STM is quantitatively consistent with the 
bulk structure, i.e., Te ሺ101ത0ሻ film is grown on graphene with the bulk-truncated 
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(11) structure. The observed step height of Te film (3.9 Å) also agrees with the 
interspacing of bulk b0-c0 faces (3.82 Å) in Figure 2b, confirming that Te films are 
stacked in the bulk arrangement (Figure 2d) and the terraces shown in Figure 1b and c 
correspond to monolayer Te films of parallel-arranged Te helical chains. 
 
 
Figure 3. Band gap evolution of Te films with different thickness. (a) Differential STM 
image (-2 V / 20 pA) of a Te island on graphene/SiC exposing terraces of different layers, the 
first- (indicated by L1), second- (L2), third- (L3) and fourth- (L4). (b) dI/dV spectra (-800 mV 
/ 100 pA) of both the graphene substrate and the monolayer Te. (c) dI/dV spectra taken on L2, 
L3 and L4, from which the band gap can be determined. All dI/dV spectra are averaged over 
20 curves taken at the center of each terrace. (d) Band gap of Te films as a function of the 
thickness. The dark blue line is guide to the eye. 
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The vdW-type epitaxial (11) Te film on graphene/6H-SiC(0001) provides an 
ideal platform to investigate its intrinsic electronic structures. Additionally, some of 
the few-layer Te islands expose terraces corresponding to different thickness, as 
shown in Fig. 3a for example. This enables us to probe the thickness dependence of 
the band structure of Te films by direct comparison. As shown in Fig. 3b, the 
well-behaved dI/dV curve of graphene is consistent with that in Ref. 41, and a gap of 
0.92 eV can be determined for the monolayer Te. Note that the finite density of states 
of graphene near the Fermi level influences the measurement on the monolayer Te, 
resulting the nonzero value of dI/dV. Explicit full band gaps with zero conductance 
inside are observed on the second- (0.85 eV), third- (0.74 eV) and fourth- (0.71 eV) 
layer of the Te films (Figure 3c). Figure 3d displays the thickness-dependent band gap 
up to 13 layers – it decreases monotonically with increasing thickness of Te films, 
from 0.92 (monolayer) to 0.49 eV (13-layer), towards the bulk gap of 0.33 eV.16 The 
important mid- to near-infrared spectral range can be possibly covered by tuning the 
thickness of Te films with precision of single atomic layer. 
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Figure 4. Differential conductance (dI/dV spectra) taken along the dashed orange line in Fig. 
3(a). (a) The dI/dV spectra (50 curves taken with the interval of 1 nm) plotted in a 2D color 
mapping in logarithmic scale (-1.5 V / 100 pA, modulation of 10mV). The boundaries of 
monolayer Te-graphene and Te-Te are indicated by the red and gray dashed lines, respectively. 
(b) Representative dI/dV spectra taken at the positions labeled in (a) with the same color. The 
STS spectra are shifted along the perpendicular axis for clarity. The horizontal dashed lines 
indicate the zero conductance level for each spectrum. 
 
STS maps along the dashed orange line in Figure 3a are performed to 
characterize the real space band profiles. As shown in Figure 4a, the band structure at 
the step edge between monolayer Te and graphene is distinct from other edges 
between Te terraces with different layers. An upward band bending of about 0.5 eV is 
observed at the boundary between monolayer Te and graphene, while it barely exists 
at the edges of Te-Te steps. This can be attributed to the Fermi level pinning by the 
in-gap states associated with the dangling bonds at the boundary between Te and 
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graphene, where the Te lattice terminates and the interactions between helical chains 
is absent. Indeed an in-gap state at around -0.28 V (labeled by the red arrow in Figure 
4b) is detected. It becomes suppressed remarkably and disappears rapidly away from 
the Te-graphene boundary. And it is not detected at all at Te-Te step edges. Similar 
Fermi level pining and the accompanying band bending have been observed at the 
boundary between MoS2 and graphene.42 As shown in Figure 4, the Te films with 
different thickness are nearly intrinsic semiconductor with the Fermi level locating in 
the middle of the band gap, while only at the Te-graphene boundary the upward band 
bending leads to the accumulation of holes. 
It is worth mentioning that, although the vdW epitaxy has been considered the 
consequence of weak substrate effect, the Te-graphene interaction is manifested by the 
growth behaviors in the current work. The bright protrusions in STM image shown in 
the inset of Fig. 1c corresponding to the strain-induced wrinkles on graphene/SiC, 41,42 
which may play an important role in the nucleation of Te growth. For comparison, we 
have grown Te film under the same condition on highly oriented pyrolytic graphite 
(HOPG) where such wrinkles are absent. No crystalline Te can be obtained. The 
Te-graphene interaction may also trigger controllable novel electronic and 
optoelectronic phenomena. 
In summary, we grow monolayer and few-layer Te films on the 
graphene/6H-SiC(0001) substrate via vdW epitaxy. Te films with different thickness 
are formed in the structure of bulk Te crystal along ሾ101ത0ሿ direction, with the helical 
chains flat-lying in each layer and being parallel to each other. The band gap of Te 
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increases monotonically with decreasing thickness, up to 0.92 eV for the monolayer 
Te. Besides, an upward band bending is observed at the boundary of monolayer Te 
and graphene, manifesting the local hole accumulation due to interface interactions. 
This implies the possibility of tuning the electronic and optoelectronic properties of 
2D Te films. 
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